Ion irradiation, combined with nanoindentation, has long been recognized as an effective way to study effects of irradiation on the mechanical properties of metallic materials. In this research, hardening and creep of ion irradiated Chinese low activation martensitic (CLAM) steel are investigated by nanoindentation. Firstly, it is demonstrated that ion irradiation results in the increase of hardness, because irradiation-induced defects impede the glide of dislocations. Secondly, the unirradiated CLAM steel shows indentation creep size effect (ICSE) that the indentation creep strain decreases with the applied load, and ICSE is found to be associated with the variations of geometrical necessary dislocations (GNDs) density. However, ion irradiation results in the alleviation of ICSE due to the irradiation hardening. Thirdly, ion irradiation accelerates nanoindentation creep due to the large numbers of irradiation-induced vacancies whose diffusion controls creep deformation. Meanwhile, owing to the annihilation of vacancies, ion irradiation has a significant influence on the primary creep while only negligible influence has been observed for the steady-state creep.
Introduction
In the environment of fission/fusion reactors, metallic materials suffer from the bombardment of high energy particles which results in the formation of irradiation-induced defects, such as interstitials, vacancies, dislocation loops, stacking fault tetrahedra (SFTs), etc. [1] [2] [3] . The mechanical properties of metallic materials could be dramatically degraded by these defects, which is termed as the irradiation effects on mechanical properties including irradiation hardening, embrittlement, creep, and so on [4] [5] [6] . Hence, a deep understanding of irradiation effects is vital to the development of advanced structural materials for nuclear reactors. As opposed to extremely costly, lengthy, and complicated neutron irradiation, ion irradiation has been widely adopted due to its low costs, short irradiation times, and controllable irradiation conditions [7, 8] . However, ion irradiation does have some drawbacks, such as limited penetration depth (several micrometers), and thus making it quite difficult to characterize mechanical properties of ion irradiated materials through conventional mechanical tests [9] [10] [11] .
The fact that ion irradiation influences only a thin surface layer makes ion irradiated samples suitable for nanoindentation tests [12] . Depth-dependent hardness can be directly attained through Continuous Stiffness Measurement [13] . In recent years, a large number of nanoindentation tests have been conducted to investigate the irradiation hardening of metallic materials [9, 10, [14] [15] [16] [17] [18] [19] [20] [21] [22] . Meanwhile, several methods have been developed to obtain nanoindentation creep behavior, including constant rate of loading method [23] , constant depth method [24] , constant strain rate method [25] , constant load method [26] , and rate jump method [27] . Constant load method is the most widely used method due to the simple measurement and rapid data collection. With the constant load method, much research has been done to study the creep deformation of thin films [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Specifically, Huang et al. [38] demonstrated the feasibility of a high temperature nanoindentation creep study on ion irradiated oxide dispersion strengthened alloy. In short, these studies confirm that nanoindentation is an effective method for characterizing hardness and creep behavior of ion irradiated specimens.
Chinese low activation martensitic steel is a primary candidate structural material for the future fusion reactors due to its superior swelling resistance and thermos-mechanical properties. During the past decade, detailed studies have been conducted about the microstructure and mechanical properties of Chinese low activation martensitic (CLAM) steel before and after irradiation [17] [18] [19] [20] [21] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . However, the creep behavior of irradiated CLAM steel has not been studied so far. In the present research, ion irradiation, combined with nanoindentation, is utilized to investigate the irradiation hardening and creep of CLAM steel. We seek to provide a comprehensive description of the nanoindentation hardness and creep behavior for CLAM steel before and after ion irradiation, and analyze the underlying mechanisms.
Materials and Methods

Specimen Preparation
The sample of CLAM steel (Heat 1506) [49] was provided by the FDS (Fusion Design Study) team in the Institute of Nuclear Energy Safety Technology, Chinese Academy of Sciences (Hefei, Anhui, China). The heat treatment consisted of quenching at 1273 K for 40 min followed by water cooling, and tempering at 1013 K for 90 min followed by air cooling [49] . The 6 mm × 6 mm × 2 mm specimens were fabricated through line cutting. The top surfaces were mechanically grinded and polished with a final step of 0.05 µm colloidal silica. Finally, the specimens were electrochemically polished with a polishing solution of 10% HClO 4 + 90% C 2 H 5 OH at room temperature and 24 V to remove stressed layers caused by mechanical grinding and polishing from the surfaces.
To characterize the lath martensitic structure of CLAM steel, electron backscatter diffraction (EBSD) mapping was performed on the electrochemically polished surface of unirradiated specimen in a Quanta 650 FEG microscope (FEI Company, Hillsboro, OR, USA) equipped with an EBSD detector (Oxford Instrument plc, Abingdon, Oxon, UK) operating at a voltage of 20 kV and a step size of 0.22 µm.
Ion Irradiation
The specimens were irradiated at 393 ± 15 K using 6 MeV Si 3+ via a 2 × 1.7 MeV tandem accelerator facility in Laboratory of Heavy Ion Physics, Peking University (Beijing, China). A heater with a thermal couple was used to control the irradiation temperature and another thermal couple was used to measure actual irradiation temperature. Figure 1 shows the irradiation dose-depth curves of CLAM steel specimens to a total fluence of 2 × 10 15 atoms/cm 2 and 4 × 10 15 atoms/cm 2 . Irradiation dose profiles were calculated through SRIM 2008 output vacancy file using quick Kin-chin and Pease method [50, 51] . The calculated maximum implant depth is about 2 µm.
As for the fluence of 2 × 10 15 atoms/cm 2 , the peak irradiation dose is about 1.5 dpa (displacements per atom), while the average irradiation dose ranging from 0 nm to 1000 nm is about 0.2 dpa. As for the fluence of 4 × 10 15 atoms/cm 2 , the peak irradiation dose is about 3.0 dpa, while the average irradiation dose ranging from 0 nm to 1000 nm is about 0.4 dpa. The detailed ion irradiation conditions for all specimens are given in Table 1 . 
Nanoindentation Tests
After ion irradiation, nanoindentation tests were performed at room temperature using Agilent Nano Indenter G200 (Agilent Technologies Inc., Santa Clara, CA, USA) with a Berkovich indentation tip. The area function of the indenter was calibrated through nanoindentation data obtained from fused silica.
The Continuous Stiffness Measurement [13] was used to characterize hardness-depth curves continuously up to the depth of 2000 nm. The strain rate was set to be 0.05 s -1 . Before each hardness test, the indenter was set to wait until the initial thermal drift was below 0.5 nm/s [52, 53] . For each specimen, five indents were tested with a spacing of 60 μm to avoid the interactions of their generated stress fields.
Nanoindentation creep tests were conducted via the constant load method. In all cases, the loading rate was set to reach the peak load in 15 s, and subsequently, the peak load was maintained for 30 s. The unirradiated specimen was tested with peak loads of 2 mN, 8 mN, 15 mN, 20 mN, and 150 mN. The 6 MeV Si 3+ irradiated specimens were tested with peak loads of 2 mN, 8 mN, 15 mN, and 20 mN. The indenter load and depth were recorded continuously with time. Before each creep test, the indenter was set to wait until the initial thermal drift was below 0.05 nm/s. For each specimen, the tests were repeated ten times under the same conditions with a spacing of 60 μm to avoid the interactions of their generated stress field.
For all measurements, indentation depth was corrected by actual thermal drift which was measured through a 60 s dwell period at 90% of the unloading stage. The results of these five or ten indents were averaged to reduce the noise of hardness and creep results. 
The Continuous Stiffness Measurement [13] was used to characterize hardness-depth curves continuously up to the depth of 2000 nm. The strain rate was set to be 0.05 s −1 . Before each hardness test, the indenter was set to wait until the initial thermal drift was below 0.5 nm/s [52, 53] . For each specimen, five indents were tested with a spacing of 60 µm to avoid the interactions of their generated stress fields.
Nanoindentation creep tests were conducted via the constant load method. In all cases, the loading rate was set to reach the peak load in 15 s, and subsequently, the peak load was maintained for 30 s. The unirradiated specimen was tested with peak loads of 2 mN, 8 mN, 15 mN, 20 mN, and 150 mN. The 6 MeV Si 3+ irradiated specimens were tested with peak loads of 2 mN, 8 mN, 15 mN, and 20 mN. The indenter load and depth were recorded continuously with time. Before each creep test, the indenter was set to wait until the initial thermal drift was below 0.05 nm/s. For each specimen, the tests were repeated ten times under the same conditions with a spacing of 60 µm to avoid the interactions of their generated stress field.
For all measurements, indentation depth was corrected by actual thermal drift which was measured through a 60 s dwell period at 90% of the unloading stage. The results of these five or ten indents were averaged to reduce the noise of hardness and creep results. Figure 2a shows an image quality (IQ) map and Figure 2b shows an inverse pole figure (IPF) color map of the unirradiated CLAM steel obtained from the FE-SEM/EBSD measurements. The qualities of Kikuchi lines for each measurement are reflected through the IQ map. The low image quality corresponds to the dark gray-scale level at grain boundaries. It clearly reveals a typical lath martensitic structure, such as laths, blocks, and packets in a prior austenite grain as Kitahara et al. have shown [54] . The colors in Figure 2b represent the crystallographic orientation normal to the observed plane, as shown by the stereographic triangle in the inset. The boundaries in Figure 2b are drawn for misorientation angles between adjacent points greater than 15 • , and the equivalent grain size calculated through the HKL channel 5 software (Oxford Instruments plc, Abingdon, Oxon, UK) is 1.9 µm, which is similar to the previous result of 0.20 wt.% C martensitic steel (2.1 µm) [54] .
Results
Microstructure Analysis
Crystals 2020, 10, x FOR PEER REVIEW 4 of 12 Figure 2a shows an image quality (IQ) map and Figure 2b shows an inverse pole figure (IPF) color map of the unirradiated CLAM steel obtained from the FE-SEM/EBSD measurements. The qualities of Kikuchi lines for each measurement are reflected through the IQ map. The low image quality corresponds to the dark gray-scale level at grain boundaries. It clearly reveals a typical lath martensitic structure, such as laths, blocks, and packets in a prior austenite grain as Kitahara et al. have shown [54] . The colors in Figure 2b represent the crystallographic orientation normal to the observed plane, as shown by the stereographic triangle in the inset. The boundaries in Figure 2b are drawn for misorientation angles between adjacent points greater than 15°, and the equivalent grain size calculated through the HKL channel 5 software (Oxford Instruments plc, Abingdon, Oxon, UK) is 1.9 μm, which is similar to the previous result of 0.20 wt.% C martensitic steel (2.1 μm) [54] . 
Results
Microstructure Analysis
Nanoindentation Hardness
Nanoindentation hardness tests have been performed on both the unirradiated and 6 MeV Si 3+ irradiated CLAM steel specimens. The actual thermal drift for hardness tests is ~0.1 nm/s. Figure 3a shows the hardness-depth curves of all specimens, where only the hardness at depth greater than 150 nm is presented due to the uncertainties from surface roughness [55] , blunt tip on a sharp indenter [56] , and elastic deformation effects [57] . Each line is the average hardness over five indents, and the error bars present the standard deviations. The large error bars are mainly attributed to the hierarchical lath martensitic structure as shown in Figure 2 [58] [59] [60] . The hardness-depth curves in Figure 3a clearly show that the hardness decreases with depth, which is the so-called indentation size effect (ISE) attributed to the variations of geometrical necessary dislocations (GNDs) density under the indenter [61] . The plastic zone under the indenter is generally three to five times the indentation depth for metals [11] . In addition, Figure 3a shows that hardness for depth greater than 1500 nm converges to a similar value for both the unirradiated and irradiated specimens. This indirectly illustrates that the effect of microstructural change due to irradiation temperature of 393 ± 15 K on hardness could be neglected. Figure 3b shows curves of H 2 versus 1/h for average hardness of all specimens, where H represents the hardness and h is the indentation depth. On the one hand, the curve for the unirradiated specimen shows a good linearity, which can be well fitted by the Nix-Gao model [61] : 
Nanoindentation hardness tests have been performed on both the unirradiated and 6 MeV Si 3+ irradiated CLAM steel specimens. The actual thermal drift for hardness tests is~0.1 nm/s. Figure 3a shows the hardness-depth curves of all specimens, where only the hardness at depth greater than 150 nm is presented due to the uncertainties from surface roughness [55] , blunt tip on a sharp indenter [56] , and elastic deformation effects [57] . Each line is the average hardness over five indents, and the error bars present the standard deviations. The large error bars are mainly attributed to the hierarchical lath martensitic structure as shown in Figure 2 [58] [59] [60] . The hardness-depth curves in Figure 3a clearly show that the hardness decreases with depth, which is the so-called indentation size effect (ISE) attributed to the variations of geometrical necessary dislocations (GNDs) density under the indenter [61] . The plastic zone under the indenter is generally three to five times the indentation depth for metals [11] . In addition, Figure 3a shows that hardness for depth greater than 1500 nm converges to a similar value for both the unirradiated and irradiated specimens. This indirectly illustrates that the effect of microstructural change due to irradiation temperature of 393 ± 15 K on hardness could be neglected. Figure 3b shows curves of H 2 versus 1/h for average hardness of all specimens, where H represents the hardness and h is the indentation depth. On the one hand, the curve for the unirradiated specimen shows a good linearity, which can be well fitted by the Nix-Gao model [61] :
where H 0 represents the hardness at infinite depth, which can be considered as the bulk hardness, and h * is a characteristic length. On the other hand, the curves for the irradiated specimens are approximately bilinear. When the indentation depth is greater than~265 nm, the plastic zone extends beyond the irradiated layer and the hardness is largely affected by the unirradiated substrate [21, 22, 57, 62, 63] . However, when the indentation depth is less than~265 nm, the hardness is affected mainly by the irradiated layer and can be well fitted by the Nix-Gao model, as reported by Kasada et al. [64] . Table 2 lists the extrapolated bulk hardness H 0 for all specimens, which clearly shows that the hardness increases after irradiation and the magnitude of irradiation hardening increases with the irradiation dose. where H0 represents the hardness at infinite depth, which can be considered as the bulk hardness, and h * is a characteristic length. On the other hand, the curves for the irradiated specimens are approximately bilinear. When the indentation depth is greater than ~265 nm, the plastic zone extends beyond the irradiated layer and the hardness is largely affected by the unirradiated substrate [21, 22, 57, 62, 63] . However, when the indentation depth is less than ~265 nm, the hardness is affected mainly by the irradiated layer and can be well fitted by the Nix-Gao model, as reported by Kasada et al. [64] . Table 2 lists the extrapolated bulk hardness H0 for all specimens, which clearly shows that the hardness increases after irradiation and the magnitude of irradiation hardening increases with the irradiation dose. 
Nanoindentation Creep
To investigate nanoindentation creep behavior of the unirradiated and 6 MeV Si 3+ irradiated CLAM steel, systematic nanoindentation creep tests have been conducted via the constant load method. The actual thermal drift for creep tests is ~0.01 nm/s, with the actual deviation in 30 s dwell time to be ~0.3 nm. Figure 4a shows the typical average load-depth curves of 1# unirradiated and 2# Si 3+ irradiated specimens obtained from nanoindentation creep tests performed at different peak loads of 2 mN, 8 mN, and 15 mN. It shows that a larger load is needed for 2# Si 3+ irradiated specimen than 1# unirradiated specimen to reach the same depth, which is consistent with the larger hardness shown in Figure 3a . Figure 4b shows the corresponding average creep depth-time curves at the 30 s constant load stage shown in Figure 4a , with the starting time and depth of this stage to be set to zero for comparison. It clearly shows that under the same conditions, 2# Si 3+ irradiated specimen sinks in deeper than 1# unirradiated specimen. Meanwhile, the creep depth increases with the applied load in both specimens before and after irradiation. 
To investigate nanoindentation creep behavior of the unirradiated and 6 MeV Si 3+ irradiated CLAM steel, systematic nanoindentation creep tests have been conducted via the constant load method. The actual thermal drift for creep tests is~0.01 nm/s, with the actual deviation in 30 s dwell time to bẽ 0.3 nm. Figure 4a shows the typical average load-depth curves of 1# unirradiated and 2# Si 3+ irradiated specimens obtained from nanoindentation creep tests performed at different peak loads of 2 mN, 8 mN, and 15 mN. It shows that a larger load is needed for 2# Si 3+ irradiated specimen than 1# unirradiated specimen to reach the same depth, which is consistent with the larger hardness shown in Figure 3a . Figure 4b shows the corresponding average creep depth-time curves at the 30 s constant load stage shown in Figure 4a , with the starting time and depth of this stage to be set to zero for comparison. It clearly shows that under the same conditions, 2# Si 3+ irradiated specimen sinks in deeper than 1# unirradiated specimen. Meanwhile, the creep depth increases with the applied load in both specimens before and after irradiation.
However, it is worth noting that nanoindentation creep behavior is an inherent property of CLAM steel, which should not be affected by load condition. Therefore, to exclude the influence of load condition, an indentation creep strain similar to the C IT shown in ISO standard [65] is defined to be creep depth divided by its current depth:
where h is the current depth, h 0 is the starting depth of the constant load stage. However, it is worth noting that nanoindentation creep behavior is an inherent property of CLAM steel, which should not be affected by load condition. Therefore, to exclude the influence of load condition, an indentation creep strain similar to the CIT shown in ISO standard [65] is defined to be creep depth divided by its current depth:
where h is the current depth, 0 h is the starting depth of the constant load stage. Figure 5a shows the indentation creep strain-time curves of 1# unirradiated specimen under different loads of 2 mN, 8 mN, 15 mN, 20 mN, and 150 mN. It can be found that the indentation creep strain decreases with the applied load when the load is less than 15 mN. Similar to the ISE, this phenomenon can be called as indentation creep size effect (ICSE), which will be discussed in Section 4.2. However, when the load is greater than 15 mN, the ICSE is negligible. Figure 5b shows the indentation creep strain-time curves of 2# Si 3+ irradiated specimen under different loads of 2 mN, 8 mN, 15 mN, and 20 mN. It illustrates that the ICSE is alleviated after irradiation. Figure 5a shows the indentation creep strain-time curves of 1# unirradiated specimen under different loads of 2 mN, 8 mN, 15 mN, 20 mN, and 150 mN. It can be found that the indentation creep strain decreases with the applied load when the load is less than 15 mN. Similar to the ISE, this phenomenon can be called as indentation creep size effect (ICSE), which will be discussed in Section 4.2. However, when the load is greater than 15 mN, the ICSE is negligible. Figure 5b However, it is worth noting that nanoindentation creep behavior is an inherent property of CLAM steel, which should not be affected by load condition. Therefore, to exclude the influence of load condition, an indentation creep strain similar to the CIT shown in ISO standard [65] is defined to be creep depth divided by its current depth:
where h is the current depth, 0 h is the starting depth of the constant load stage. Figure 5a shows the indentation creep strain-time curves of 1# unirradiated specimen under different loads of 2 mN, 8 mN, 15 mN, 20 mN, and 150 mN. It can be found that the indentation creep strain decreases with the applied load when the load is less than 15 mN. Similar to the ISE, this phenomenon can be called as indentation creep size effect (ICSE), which will be discussed in Section 4.2. However, when the load is greater than 15 mN, the ICSE is negligible. Figure 5b shows the indentation creep strain-time curves of 2# Si 3+ irradiated specimen under different loads of 2 mN, 8 mN, 15 mN, and 20 mN. It illustrates that the ICSE is alleviated after irradiation. To further illustrate the effects of ion irradiation on nanoindentation creep behavior of CLAM steel, Figure 6a shows the indentation creep strain-time curves of all specimens under the load of 15 mN. It reveals that under the same conditions, the indentation creep strain of ion irradiated specimens is greater than the unirradiated specimen, which means the acceleration of nanoindentation creep after ion irradiation. Meanwhile, this acceleration is irradiation dose-dependent and a higher irradiation dose results in faster nanoindentation creep. To further illustrate the effects of ion irradiation on nanoindentation creep behavior of CLAM steel, Figure 6a shows the indentation creep strain-time curves of all specimens under the load of 15 mN. It reveals that under the same conditions, the indentation creep strain of ion irradiated specimens is greater than the unirradiated specimen, which means the acceleration of nanoindentation creep after ion irradiation. Meanwhile, this acceleration is irradiation dose-dependent and a higher irradiation dose results in faster nanoindentation creep.
To investigate the effects of ion irradiation on the evolution of nanoindentation creep behavior, creep strain rate is calculated by fitting the indentation creep strain-time curves in Figure 6a . The fit curves are also shown in Figure 6a . The fitting protocol is found to produce very good fits to the experimental results. Figure 6b shows the calculated creep strain rate-time curves. It can be found that the creep strain rate of all specimens decreases with creep time and then reaches a steady state. Moreover, the magnified curves are shown in the insert of Figure 6b . It clearly reveals that the difference of the creep strain rate between specimens before and after irradiation decreases with creep time and finally disappears. To investigate the effects of ion irradiation on the evolution of nanoindentation creep behavior, creep strain rate is calculated by fitting the indentation creep strain-time curves in Figure 6a . The fit curves are also shown in Figure 6a . The fitting protocol is found to produce very good fits to the experimental results. Figure 6b shows the calculated creep strain rate-time curves. It can be found that the creep strain rate of all specimens decreases with creep time and then reaches a steady state. Moreover, the magnified curves are shown in the insert of Figure 6b . It clearly reveals that the difference of the creep strain rate between specimens before and after irradiation decreases with creep time and finally disappears. 
Discussion
Irradiation Hardening
Nanoindentation hardness results shown in Figure 3 and Table 2 demonstrate that ion irradiation can result in the increase of hardness and the magnitude of irradiation hardening increases with the irradiation dose. Many previous studies have been conducted on the irradiation hardening of different materials, including CLAM steel [9, 10, [14] [15] [16] [17] [18] [19] [20] [21] [22] 64] . Generally, by neglecting the effects of implanted ions [64] , it is attributed to the fact that irradiation-induced defects such as dislocation loops impede the glide of dislocations and can be quantified by the dispersed barrier model [5, 19, 21] : Since the nanoindentation hardness can be related to yield strength through the Tabor relation [66] , one can express the increase of hardness induced by irradiation as:
Due to the fact that M ,  ,  , and b are material constants, the increase of hardness induced by irradiation is thus proportional to 0.5 () Nd , i.e., When the irradiation dose is less than ~1 dpa, the average diameter and number density of dislocation loops increase with the irradiation dose [7, 48] . Therefore, it is reasonable that the increment of hardness increases with the irradiation dose. 
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where ∆σ y is the increased value of yield strength due to irradiation, N is the number density of the irradiation-induced defects, d is the average diameter of the irradiation-induced defects, µ is the shear modulus of the material, b is the magnitude of Burgers vector, α is the obstacle strength of irradiation-induced defects, and M is the average Taylor factor of a polycrystal (for a BCC polycrystal M ≈ 3).
Since the nanoindentation hardness can be related to yield strength through the Tabor relation [66] , one can express the increase of hardness induced by irradiation as:
Due to the fact that M, α, µ, and b are material constants, the increase of hardness induced by irradiation is thus proportional to (Nd) 0.5 , i.e., ∆H ∼ (Nd) 0.5 .
When the irradiation dose is less than~1 dpa, the average diameter and number density of dislocation loops increase with the irradiation dose [7, 48] . Therefore, it is reasonable that the increment of hardness increases with the irradiation dose.
Indentation Creep Size Effect
It is well-known that creep deformation is a diffusion-controlled process which consists of dislocation based diffusional creep and non-dislocation based diffusional creep [67] . Dislocation based diffusional creep assumes that the rate-controlled process is the diffusion of vacancies between dislocations [68] , while non-dislocation based diffusional creep refers to the stress-directed flow of vacancies along grain boundaries [69] . In brief, creep deformation is controlled by the diffusion of vacancies [70] .
Characteristic stress to describe stress field under the indenter during nanoindentation creep is taken as the applied load F divided by the projected contact area A p , which is similar to the definition of hardness [71] :
As illustrated in Figure 5a , when the load is less than 15 mN, obvious ICSE that the indentation creep strain decreases with the applied load is observed in the unirradiated CLAM steel. However, when the load is greater than 15 mN, the ICSE is negligible. It can be found in Figure 3a that the ISE is only obvious when the indentation depth is less than~450 nm, while Figure 4a shows that the starting depth of constant load stage in 1# unirradiated specimen under the load of 15 mN is about 440 nm. Therefore, when the load is less than 15 mN, characteristic stress decreases with the applied load due to the obvious ISE. Nevertheless, when the load is greater than 15 mN, the characteristic stress is almost the same under different loads because the ISE is unobvious as shown in Figure 3a . Meanwhile, considering creep mechanism, the ICSE could be explained by the increase of driving force for the diffusion of vacancies with characteristic stress. Hence, it is reasonable that the ICSE depends heavily on the characteristic stress which is determined by the applied load. Figure 5b shows that the ICSE is alleviated after irradiation. As stated above, the ICSE in 1# unirradiated specimen is mainly caused by the decrease of characteristic stress with the applied load. However, in ion irradiated specimens, there are two main factors that influence the nanoindentation creep behavior, including the characteristic stress and the irradiation-induced vacancies. On the one hand, irradiation hardening results in the alleviation of the ISE, which is consistent with the fact that the hardness shows a slow change with the depth after irradiation, as shown in Figure 3a . Therefore, the characteristic stress of 2# Si 3+ irradiated specimen shows less decrease with the applied load than 1# unirradiated specimen. On the other hand, the irradiation-induced vacancies are independent of the applied load so that they are likely to reduce the dependence of nanoindentation creep behavior on characteristic stress. However, this is just a speculation which needs more experimental verifications. Hence, considering these two factors, the indentation creep strain-time curves show reduced dependence on the applied load.
Irradiation Creep
To illustrate the effects of ion irradiation on nanoindentation creep behaviors, Figure 6 shows results under the same load of 15 mN to exclude the influence of the ICSE as much as possible. Figure 6a reveals the acceleration of nanoindentation creep after ion irradiation. Actually, high temperature nanoindentation creep study on the ion beam irradiated ODS alloy (PM2000) in Huang et al.'s research [38] has shown the similar tendency. However, the influence of high temperature on creep covers up the influence of ion irradiation, thus making the increase of creep depth due to irradiation difficult to be differentiated from the large errors. It is known that both high temperature and irradiation will induce large numbers of vacancies in metallic materials. The diffusion of these induced vacancies is promoted under the applied load. Therefore, ion irradiation plays a similar role as high temperature in accelerating creep. Meanwhile, Figure 6a also reveals that this acceleration is irradiation dose-dependent and a higher irradiation dose results in faster nanoindentation creep. This is probably because the concentration of the irradiation-induced vacancies increases with the irradiation dose, just as demonstrated by Zhu et al. [72] .
Furthermore, Figure 6b illustrates the effects of ion irradiation on the creep strain rate. The creep strain rate shown in Figure 6b is consistent with conventional creep behavior of materials which can be divided into three stages: primary creep, steady-state creep, and tertiary creep [67] . The initial stage in Figure 6b (<~1 s), where the creep strain rate decreases rapidly, corresponds to primary creep when the material experiences hardening through changes in the dislocation substructure [67] . Then the creep strain rate reaches a steady state, which corresponds to steady-state creep when hardening is balanced by dynamic recovery (e.g., dislocation annihilation) [67] . Furthermore, the magnified curves shown in the insert of Figure 6b clearly reveal that the difference of the creep strain rate between specimens before and after irradiation decreases with creep time and finally disappears. This means that ion irradiation has a significant influence on the primary creep, while only negligible influence has been observed for the steady-state creep. This could be due to the fact that the plastic zone under the indenter is so small that the irradiation-induced vacancies in the plastic zone completely annihilate before steady-state creep [38] . However, further verifications are still required to completely clarify this phenomenon. Nevertheless, the observation of creep acceleration after irradiation is qualitatively consistent with that of conventional creep tests [4] .
Conclusions
In summary, ion irradiation, combined with nanoindentation, is utilized to investigate the irradiation hardening and creep of Chinese low activation martensitic steel. The main conclusions are summarized as follows:
(1) Ion irradiation results in the increase of hardness, because irradiation-induced defects impede the glide of dislocations; (2) The unirradiated CLAM steel shows indentation creep size effect (ICSE) that the indentation creep strain decreases with the applied load, and ICSE is found to be associated with the variations of geometrical necessary dislocations density. However, ion irradiation results in the alleviation of ICSE due to the irradiation hardening; (3) Ion irradiation results in the acceleration of nanoindentation creep due to the large numbers of irradiation-induced vacancies whose diffusion controls creep deformation. Meanwhile, owing to the annihilation of vacancies, ion irradiation has a significant influence on the primary creep while only negligible influence has been observed for the steady-state creep.
